Life expectancy for patients with cancer is steadily improving, with an age-adjusted 10-y survival of 70% for breast cancer and 80% for Hodgkin's lymphoma. Treatment-related long-term complications, such as secondary malignancies and cardiovascular disease (CVD), have therefore become an increasing problem in a rapidly growing population of survivors of cancer ([@B1], [@B2]). Epidemiologic studies have shown that cancer radiotherapy (XRT) increases the risk of localized CVD. Incidence of myocardial infarction increases after left- *vs*. right-sided breast cancer irradiation ([@B3]) and thorax irradiation for Hodgkin's lymphoma ([@B4]). An increased risk of stroke is also seen after previous neck and brain irradiation ([@B5]). However, there is still a paucity of evidence regarding the underlying pathophysiology, as the late onset---several years after exposure---precludes adequate investigation in animal and cell culture models. We recently established the Biobank of Irradiated Tissues at Karolinska to study previously irradiated human conduits from the carotid artery *vs.* internal controls ([@B6]). The model provides a unique opportunity to study the long-term effects of irradiation on human arteries, for which we have identified a sustained NF-κB activation several years after XRT ([@B6]).

Studies of coronary brachytherapy have indicated that acute radiation-induced vascular injury involves affection of the adventitia, but long-term effects of external radiation on human conduit vessels have remained largely unexplored in human participants ([@B5]). Only a few studies in experimental animal models have observed the short-term effects on adventitia after radiation exposure ([@B5], [@B7][@B8]--[@B9]), but only 1 study has investigated the long-term effects ([@B10]). The adventitia is a primary site for early vessel wall response to arterial injury at the luminal side ([@B11]), which includes inflammatory cell accumulation and expansion of the vasa vasorum ([@B12]).

Leukotrienes are proinflammatory lipid mediators that are derived from the 5-lipoxygenase (5-LO) pathway of arachidonic acid metabolism. We and others have shown the proinflammatory properties of leukotrienes in the pathogenesis and progression of CVD ([@B13], [@B14]), in which 5-LO activity in the adventitia seems to be of particular importance in progressive arterial disease ([@B15], [@B16]). However, the role of the lipoxygenase pathway has not been previously explored in the context of radiation-induced CVD.

On the basis of the above, we hypothesized that 5-LO may drive a persistent chronic inflammation in the vasculature of patients with a medical history of previous XRT. Therefore, we compared irradiated human arteries with intraindividual nonirradiated control arteries, with the aim of unravelling the role of proinflammatory 5-LO activation in radiation-induced vascular changes. Results point to the importance of adventitial chronic inflammation, vasa vasorum expansion, and a therapeutic potential for targeting the 5-LO pathway in cardiovascular prevention after XRT.

MATERIALS AND METHODS {#s1}
=====================

Human tissue specimens {#s2}
----------------------

Fifty-six arterial biopsies were harvested during head and neck cancer reconstruction in 28 patients who had been previously irradiated. Before performing microvascular anastomosis, biopsies were harvested from the irradiated branch of the external carotid artery and from the equally sized nonirradiated recipient artery from autologous free tissue transfer ([@B6]). Biopsies were freed from the surrounding tissue and surgical material under a dissection in microscope. Care was taken to ensure that the endothelium and adventitia were not damaged during tissue preparation. Samples were collected from Karolinska University Hospital. The study was approved by the Ethical Committee of Stockholm and was performed in agreement with institutional guidelines and the principles of the Declaration of Helsinki. All enrolled participants gave informed consent.

RNA extraction {#s3}
--------------

Immediately after surgical excision, biopsies were placed in RNA later (Qiagen, Hilden, Germany), frozen, and stored at --80°C until RNA extraction. Demographic data, including XRT dosages, for 19 of 20 patients who donated arterial segments used for RNA extraction are listed in [**Table 1**](#T1){ref-type="table"} (demographic data retrieval was not possible for 1 patient).

###### 

Patient demographics for mRNA studies

  Age (yr)/sex                                   XRT dose (Gy)   Time after XRT (wk)[*^a^*](#t1n1){ref-type="table-fn"}   Current smoking   Prevalent CVD     Control vessels
  ---------------------------------------------- --------------- -------------------------------------------------------- ----------------- ----------------- -----------------
  60/male[*^b^*](#t1n2){ref-type="table-fn"}     64              500                                                      No                None              Forearm
  77/female                                      54              5                                                        Yes               Past MI and CVL   Forearm
  47/female[*^b^*](#t1n2){ref-type="table-fn"}   68              7                                                        No                None              Forearm
  68/male                                        64              48                                                       No                Hypertension      Forearm
  60/male[*^b^*](#t1n2){ref-type="table-fn"}     50              6                                                        No                Hypertension      Fibula
  63/male                                        68              9                                                        No                None              Fibula
  64/male                                        64              2100                                                     No                Hypertension      Fibula
  48/male                                        64              146                                                      No                None              Fibula
  59/male[*^b^*](#t1n2){ref-type="table-fn"}     68              139                                                      No                Past CVL          Fibula
  49/male[*^b^*](#t1n2){ref-type="table-fn"}     54              5                                                        Yes               None              Forearm
  50/female                                      60.3            22                                                       No                None              Forearm
  50/male                                        64              90                                                       No                None              Forearm
  59/male[*^b^*](#t1n2){ref-type="table-fn"}     54              7                                                        Yes               None              Forearm
  39/female[*^b^*](#t1n2){ref-type="table-fn"}   54              6                                                        No                None              Forearm
  30/male                                        68              14                                                       No                None              Forearm
  54/male                                        68              271                                                      No                None              Fibula
  73/female                                      64              170                                                      No                None              Fibula
  62/male                                        68              290                                                      No                Hypertension      Fibula
  63/female                                      66              550                                                      Yes               None              Thigh

CVL, cerebrovascular lesion; MI, myocardial infarction.

Time from last XRT session to biopsy.

Samples not analyzed for BLT~1~ expression as a result of insufficient mRNA quantity.

Extraction of RNA was performed by using the RNeasy Mini kit (Qiagen), including an on-column DNase digestion step. RNA quality was analyzed by microcapillary electrophoresis (Agilent 2100 Bioanalyzer; Agilent Technologies, Santa Clara, CA, USA), whereas RNA quantification was determined by UV spectrophotometry (NanoDrop ND-1000 UV-Vis Spectrophotometer; Thermo Fisher Scientific, Waltham, MA, USA) according to manufacturer instructions. cDNA was synthesized from total RNA by using SuperScript II reverse transcriptase (Thermo Fisher Scientific). RNA and cDNA were stored at --80°C.

Gene expression {#s4}
---------------

Leukotriene-associated genes were identified as target genes of interest in the context of expanded vasa vasorum observed in perioperative microscopic photographs of irradiated *vs*. nonirradiated arteries ([**Fig. 1**](#F1){ref-type="fig"}). Differential expression in target genes, 5-LO (ALOX5, Hs01095330_m1), leukotriene B4 receptor 1 (BLT1; Hs00609525_m1), and the housekeeping gene, phosphoglycerolkinase 1 (Hs99999906_m1), was analyzed by real-time PCR (TaqMan; Applied Biosystems, Foster City, CA, USA). Selection of housekeeping gene was performed after using a TaqMan Endogenous Control Plate as previously described ([@B6]). Relative quantification and ∆*C~t~* values were generated from the Taqman analysis performed in duplicates and results are expressed as 2^Δ^*^Ct^*.

![Macroscopic adventitial inflammation. Anastomosis of irradiated (right) and nonirradiated (left) human arteries during autologous free tissue transfer (microvascular surgery).](fasebj201600620Rf1){#F1}

Immunofluorescence {#s5}
------------------

Radiated and nonradiated arteries from 8 patients were immediately fixed in 10% formalin in the operation theater and kept overnight for embedding in paraffin and sectioning the following day. Demographic data, including XRT dosages, for the 8 patients who donated arterial segments used for immunofluorescence are listed in [**Table 2**](#T2){ref-type="table"}.

###### 

Patient demographics for immunofluorescence studies

  Age (yr)/sex   XRT dose (Gy)   Time after XRT (wk)[*^a^*](#t2n1){ref-type="table-fn"}   Current smoking   Prevalent CVD   Control vessels
  -------------- --------------- -------------------------------------------------------- ----------------- --------------- -----------------
  54/male        68              160                                                      No                No              Forearm
  66/female      68              20                                                       No                No              Forearm
  68/male        64              438                                                      No                No              Fibula
  70/male        68              74                                                       Yes               No              Fibula
  77/female      50              200                                                      No                No              Forearm
  65/male        64              3120                                                     No                No              Fibula
  67/male        66              104                                                      Yes               Yes             Fibula
  64/male        68              416                                                      No                No              Fibula

*^a^*Time from last XRT session to biopsy.

Sections (5 µm) were cut, deparaffinized, and heat induced for antigen retrieval by using Diva decloaker (Biocar Medical, Casablanca, Morocco). After blocking of endogenous peroxidase (0.3% H~2~O~2~, 30 min) and unspecific binding with avidin/biotin blocking kit (Vector Labs, Burlingame, CA, USA), followed by 5% horse sera for 30 min at room temperature, sections were incubated with a primary antibody or matched isotype control at 4°C overnight. The following primary antibodies were used: monoclonal rabbit anti-human arachidonate 5-LO (cat no LS-B2144, 1:200; Life Span BioSciences, Seattle, WA, USA), monoclonal mouse anti-human CD68 (M0876, clone PG-M1, 1:400; Dako, Carpinteria, CA, USA) for analysis of macrophages, mouse anti-human CD3 (PM 110 AA clone PS1, prediluted; BioCare Medical, Concord, CA, USA) for analysis of T cells, and monoclonal mouse anti-human von Willebrand factor (VWF; M0616, clone F8/86, 1:2000; Dako) to visualize the endothelium.

For immunofluorescent stainings, sections were incubated with primary antibodies overnight at 4°C. Negative controls were incubated in 1% bovine serum albumin alone. Sections were subsequently incubated with 2 secondary antibodies (DyLight 594 goat anti-rabbit IgG; DI-1594, 1:300; and DyLight 488 horse anti-mouse IgG; DI-2488, 1:300; Vector Labs). Autofluorescence reduction was obtained with Sudan Black (0.03% in 70% ethanol for 6 min; Sigma-Aldrich, St. Louis, MO, USA). After washing with PBS, nuclei of all sections were counterstained with DAPI (Sigma-Aldrich), and then sections were mounted in fluorescence mounting medium (Dako). Evaluation of immunofluorescence staining was performed by using a Leica DMRB fluorescence microscope with Leica filter cube L4 (Lieca Microsystems, Wetzlar, Germany).

Quantification of 5-LO and CD68 double-positive cells was performed on representative micrographs from the region of interest (adventitia) at ×40 magnification and analyzed in Adobe Photoshop CS (Adobe, San Jose, CA, USA). The amount of positive cells was determined manually and presented as the number of positive cells of the total area in each picture. All sections except negative tissue (one assessor, 0 XRT from 4 patients) were performed by 2 different persons and blinded to the assessor. If cell counting was uncertain to determine from immunofluorescence staining, quantification was performed from 3,3′-diaminobenzidine staining (0 XRT from 3 patients and 2 XRT samples).

Leukotriene B~4~ analysis in conditioned medium {#s6}
-----------------------------------------------

Irradiated biopsies from 5 patients were collected in physiologic salt solution and transferred directly to the laboratory. After separation of adventitia from the media, tissue was incubated in RPMI 1640 medium (0.1 ml/g of wet tissue; Thermo Fisher Scientific) for 24 h at 37°C as previously described ([@B16]). Conditioned media were then collected and stored at −80°C until use. Concentrations of leukotriene B~4~ (LTB~4~) were determined by enzyme immune assay (Cayman Chemical, Ann Arbor, MI, USA) according to manufacturer instructions.

Statistics {#s7}
----------

Wilcoxon's sign-rank test of paired samples was used to test differences between radiated and nonradiated arteries for RNA levels. Student's *t* test was used for cell counting and levels of LTB4. Values of *P* \< 0.05 were considered significant.

RESULTS {#s8}
=======

Irradiated parts of arteries exhibited an obvious adventitial vasa vasorum expansion at macroscopic perioperative inspection, which was not observed in arterial segments that were derived from nonirradiated areas of the same participant ([Fig. 1](#F1){ref-type="fig"}). Immunohistochemical staining, together with double labeling immunofluorescence, confirmed this observation. VWF staining showed a morphologically intact endothelium toward the lumen but also revealed vasa vasorum expansion in the adventitia of 7 of 8 irradiated biopsies, whereas adventitial VWF staining were observed in none of the nonirradiated control arterial segments from the same participants ([**Fig. 2**](#F2){ref-type="fig"}).

![Chronic vascular inflammation and adventitial vasa vasorum expansion in irradiated human arteries. Immunofluorescent staining on the arterial wall is positive for 5-LO in irradiated arteries. *A*--*E*) 5-LO--positive cells localized around the expanded vasa vasorum in the adventitia of irradiated (XRT) (*C*--*E*), but not in nonirradiated (0 XRT) (*A*, *B*) arteries. *K*--*O*) Invasion of macrophages into the adventitia was observed in irradiated arteries only. *F*--*J*) VWF staining was confined to vasa vasorum in the adventitia of irradiated arteries and not observed in the adventitia of nonirradiated controls from the same patients. Blue fluorescence, DAPI; red fluorescence, 5-LO; green fluorescence, VWF/CD68.](fasebj201600620Rf2){#F2}

In addition, immunofluorescent analysis revealed 5-LO positivity in irradiated arterial segments ([Fig. 2](#F2){ref-type="fig"}). Of interest, 5-LO--positive cells localized around the expanded vasa vasorum in the adventitia of irradiated arteries. Likewise, invasion of T cells (data not shown) and macrophages ([Fig. 2](#F2){ref-type="fig"}) were observed in the adventitia of irradiated segments only. Staining for 5-LO was strongest in CD68^+^ cells that localized in and around the vaso vasorum in previously irradiated adventitia ([Fig. 2](#F2){ref-type="fig"}).

Levels of 5-LO mRNA and mRNA that encode the high-affinity LTB~4~ receptor BLT~1~ were significantly up-regulated in irradiated arterial segments compared with nonirradiated arterial biopsies from the same patient (*P* \< 0.001; [**Fig. 3*A***](#F3){ref-type="fig"}; *P* = 0.034; [Fig. 3*B*](#F3){ref-type="fig"}). Semiquantification of immunofluorescent staining revealed a significantly increased number of 5-LO and CD68^+^ cells in irradiated *vs.* control arterial segments ([Fig. 3*C*](#F3){ref-type="fig"}).

![Increased activation of 5-LO and LTB~4~--BLT~1~ axis in irradiated human arteries. *A*, *B*) Messenger RNA levels of 5-LO (*n* = 20 in each group) (*A*) and BLT~1~ (*n* = 12 in each group) (*B*) in irradiated (XRT) human arteries compared with nonirradiated (0 XRT) from the same patient. Relative gene expression results are expressed as 2^--Δ*Ct*^ using phosphoglycerate kinase 1 as housekeeping gene. *C*) Semiquantification of 5-LO and CD68^+^ cells was performed in 8 paired arterial biopsies after immunofluorescence staining. *D*) Levels of LTB~4~ detected in conditioned medium derived from either the adventitial or medial layer derived from irradiated arteries (*n* = 5 in each group). Wilcoxon's sign-rank test of paired samples was used to test differences between XRT and 0 XRT arteries (*A*--*C*), and Student's *t* test for comparisons between media and adventitia (*D*). Data values presented with [sd]{.smallcaps}. \**P* ≤ 0.05; \*\*\**P* ≤ 0.001.](fasebj201600620Rf3){#F3}

Conditioned medium derived from irradiated arterial segments contained readily measurable levels on LTB~4~ released from the adventitia, whereas LTB~4~ levels released from the media were significantly lower (*P* = 0.046; [Fig. 3*D*](#F3){ref-type="fig"}).

DISCUSSION {#s9}
==========

Results of the present study point to a hitherto undescribed link between previous irradiation and chronic vascular inflammation by means of 5-LO and adventitial vasa vasorum expansion. These observations implicate the 5-LO pathway as a potential therapeutic target for cardiovascular prevention in previously irradiated survivors of cancer.

By simultaneously harvesting irradiated and nonradiated arterial biopsies from the same patient, we have been able to eliminate interindividual differences in gene and protein expression patterns and, thereby, through this unique human model, to study the sole effect of radiation years after exposure ([@B6]). Here, we report that during the collection of this material, we discovered a macroscopic adventitial inflammation in irradiated, but not in nonirradiated, arterial segments. This visual impression was confirmed by using immunohistochemical/immunofluorescent analysis. These findings suggest that XRT leads to a persistent vasa vasorum expansion, which, in turn, may drive a susceptibility for future significant vascular lesions and cardiovascular events ([@B12], [@B17]).

The presented material, to our knowledge, is the only human data in which gene and protein expression patterns have been studied in conduit arteries years after radiation exposure. Our previous transcriptome-wide gene expression analysis in this material indicated activation of gene networks that are involved in angiogenesis, coagulation, and inflammation after arterial irradiation ([@B6]). The current study provides the first evidence of chronic up-regulation of the 5-LO pathway in the human cardiovascular system years after XRT.

5-LO activation is a key enzymatic step in the formation of several lipid mediators ([@B18]). Of interest, mRNA levels that encode the BLT~1~ receptor, which is the high-affinity receptor for the proinflammatory 5-LO--derived lipid mediator LTB~4~ ([@B19]), were significantly up-regulated in irradiated arterial segments. The importance of an adventitial LTB~4~--BLT~1~ axis in the latter context is further supported by the release of LTB~4~ from irradiated arteries in the present study, which, by means of BLT~1~ receptor signaling, may sustain vascular inflammatory circuits after XRT. However, it should be pointed out that in addition to the LTB~4~-BLT~1~ pathway, it cannot be excluded that other 5-LO--derived lipid mediators, such as cysteinyl-leukotrienes and/or resolvins ([@B20]), are also altered by XRT.

Of importance, 5-LO expression prevailed in CD68^+^ cells, which localized in and around adventitial vasa vasorum. In addition, the number of 5-LO and CD68^+^ positive cells was significantly increased in irradiated compared with control arterial segments. Taken together, these observations suggest that chronic 5-LO up-regulation in macrophages may drive a vascular inflammatory response from the adventitia several years after irradiation. The latter notion was further supported by an increased formation of 5-LO--derived LTB~4~ in the adventitia compared with the media in vessels that were derived from irradiated areas.

The preferential adventitial 5-LO activation that was observed in irradiated arteries in the present study strikingly resembles previous observations of human coronary vessels with subclinical atherosclerosis ([@B17]). In the latter study, medial and intimal 5-LO expression were only observed in advanced coronary atherosclerotic lesions, in which adventitial 5-LO expression was also further increased ([@B17]). Likewise, 5-LO--positive macrophages prevail in the adventitia of human abdominal aortic aneurysms ([@B16]). The increased number of adventitial cells in irradiated vessels, which exhibited both 5-LO and CD68 positivity in the present study, supports the major role of adventitial macrophage 5-LO activation, and, for the first time, extends its pathophysiology to XRT-associated vascular inflammation. The causal role of 5-LO activation in adventitial macrophages has been evoked from experimental studies of 5-LO--deficient mice in different models of cardiovascular pathologies, such as abdominal aortic aneurysms ([@B15]). Taken together, those observations support the adventitial 5-LO expression observed in previously irradiated arteries in the present study as a potential susceptibility for future development of significant vascular lesions and cardiovascular events.

Initial studies have suggested that increased leukotriene formation is induced by irradiation, on the basis of clinical ([@B21]) as well as experimental *in vivo* ([@B22]) findings. 5-LO inhibitors have also exhibited beneficial effects in different animal models of radiation-induced pneumonitis and microvascular dysfunction ([@B22], [@B23]). Given that antileukotrienes recently have been explored for CVD prevention ([@B24], [@B25]), the current data support the 5-LO pathway as a potential target for prevention of radiation-induced CVD in a steadily increasing population of survivors of cancer.

The observational nature of these data in a restricted number of patients with a certain variation in terms of, for example, time passed since XRT, are limitations of the present study that should be acknowledged. However, this is one of a few studies that has been able to describe chronic vascular alterations after XRT in humans. The unique model of paired individual controls has also proved to be powerful, showing consistent results by analysis of radiation exposure only ([@B6], [@B26]). Among methodologic considerations, it should be mentioned that, for example, liquid chromatographic--tandem mass spectrometry analysis may reveal further alterations of 5-LO pathways in irradiated adventitia in addition to LTB~4~, which was measured by ELISA in the present study. Finally, the heterogeneous composition of biopsies is another possible limitation, but *via* immunohistochemistry, immunofluorescence, and conditional medium analysis, the localization of 5-LO expression and activity has been further reinforced.

In summary, our results suggest a maintained chronic inflammatory activity localized in the adventitia years after XRT as well as its association with an increased 5-LO expression in adventitial macrophages localized around a vasa vasorum expansion in previously irradiated arterial segments, as depicted in [**Fig. 4**](#F4){ref-type="fig"}. This chronic inflammation may remain silent in the arterial adventitia for several years after exposure before progressive vascular injury and cardiovascular events appear. In summary, the 5-LO pathway may represent a potential therapeutic target for cardiovascular prevention post-XRT.

![Schematic representation of inflammatory circuits in previously radiated arteries. Previously radiated arterial segments exhibited an increased adventitial inflammatory response that was characterized by macrophage accumulation in the vicinity of an expanded of vasa vasorum. Previous studies have associated radiation with activation of the NF-κB pathway ([@B6]). The present study identified increased levels of 5-LO in radiated *vs*. nonradiated arterial segments, and that this enzyme was localized to perivascular adventitial macrophages. The 5-LO enzyme metabolizes arachidonic acid (AA) the LT precursor, LTA~4~, which is then further metabolized to the chemotactic and proinflammatory LTB~4~. In radiated arteries, adventitial LTB~4~ was increased compared with the release from arterial medium. LTB~4~ transduces proinflammatory effects by means of its high-affinity BLT~1~ receptor, expressed on macrophages, smooth muscle cells (SMCs), and endothelial cells. Blocking 5-LO/LTB~4~ signaling may represent a possible therapeutic adjunct to prevent late adverse cardiovascular effects of XRT.](fasebj201600620Rf4){#F4}
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